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DESCRIPTION 

HIGH-STRENGTH STEEL HAVING HIGH FATIGUE STRENGTH AND METHOD 

FOR MANUFACTURING THE SAME 

Technical Field 

The present invention relates to a high-strength steel 
having high fatigue strength that is suitable for use in 
automotive parts made from bar steel, such as constant 
velocity j oints drive shafts, crank shafts, connecting rods, 
and hubs, and to a method for manufacturing the high- 
strength steel. 

Background Art 

Connecting rods and hubs are manufactured by hot 
forging or rotary forming and subsequent cutting. Constant 
velocity joints, drive shafts, crank shafts, and hubs are 
manufactured by annealing or spheroidize annealing for 
improved machinability , followed by hot forging or rotary 
forming, and subsequent partial or whole high-frequency 
induction quenching or nitriding. Such products require 
high strength and long fatigue life to achieve vehicle 
weight reduction. 

It is already known that decreasing the maximum size of 
inclusions and reducing the number of inclusions are the 
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most effective ways to increase the fatigue strength. 

For example, Japanese Unexamined Patent Application 
Publication No. 11-302778 discloses a method for increasing 
the fatigue strength in which the contents of Al, N, Ti , Zr, 

and other components are properly adjusted, the maximum 
size of sulfides is 10 |jm or less, and the cleanliness is 
0.05% or more. However, repeated stress may cause grain 
boundary cracking particularly in high-strength materials, 
and thus a target fatigue strength cannot be achieved. 

Japanese Unexamined Patent Application Publication No. 
11-1749 discloses a method for improving the fatigue 
characteristics and the rolling fatigue life of a rolled 
steel wire or a rolled steel rod in which the number of 
oxides and sulfides that are contained in an area parallel 
to the longitudinal center and apart from the center by one- 
fourth of the diameter is 20 or less per 100 mm^ unit area. 
However, this method gives only a maximum fatigue strength 
of about 770 MPa, which does not meet the recent demand for 
bending fatigue strength. 

Disclosure of Invention 

In light of such existing circumstances, it is an 
objective of the present invention to provide a high- 
strength steel that has a strength of 1000 MPa or more and a 
rotating bending fatigue strength of 550 MPa or more through 
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the proper control of composition and structure, and an 
advantageous method for manufacturing the high-strength 
steel. 

It is another objective of the present invention to 
provide a high-strength steel by proper structure control of 
a base metal and a surface metal, in which the base metal 
has a strength of 1000 MPa or more and, after high-frequency 
induction quenching or nitriding, has a rotating bending 
fatigue strength of 800 MPa or more, and an advantageous 
method for manufacturing the high-strength steel. 

To this end, the present inventors have found the 
following fact through intense study. 

(1) While a fine grain size of a steel results in high 
strength and high fatigue strength, it is not sufficient to 
achieve the target fatigue strength of the present invention. 

(2) The composition control of the steel structure for 
generating not only fine ferrite, but also fine cementite 
effectively increases the fatigue strength. In addition, 
this finely dispersed cementite increases uniform elongation, 
thus improving the workability of the material. 

(3) In addition to the composition control of the steel, 
working at 550-700°C under a strain of 1.0 or more is 
effective in preparing the steel structure containing the 
fine ferrite and the fine cementite. 

(4) While the fine grain size of the steel results in the 
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high strength and the high fatigue strength, it is not 
sufficient to achieve the target fatigue strength of the 
present invention, because the grain size increases during 
subsequent high-frequency induction quenching. 

(5) When the composition is controlled to achieve the 
steel structure containing the fine ferrite and the fine 
cementite, the finely dispersed cementite and a ferrite 
boundary of the base metal act as nuclei in austenitizing 
during high-frequency heating. Thus, austenitizing occurs 
at many nuclei, and thereby a prior austenite grain size of 
the resulting martensite decreases. As a result, the 
strength and the fatigue strength remarkably increase even 
after the high-frequency induction quenching. 

(6) The effect is larger when the high-frequency induction 
quenching is performed at relatively low temperature. 

(7) While the fine grain size of the steel results in high 
strength and high fatigue strength, when nitriding is 
subsequently applied to a surface metal, it is not 
sufficient to achieve the target fatigue strength of the 
present invention. This is because the grain size increases 
during the nitriding. 

(8) When the composition is controlled to achieve the 
steel structure containing the fine ferrite and the fine 
cementite, the finely dispersed cementite acts as a pinning 
during nitriding to suppress the growth of the ferrite grain. 
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This decreases the size of the resulting ferrite grain in 
the surface metal. As a result, the strength and the 
fatigue strength remarkably increase even after the 
nitriding. 

Best Mode for Carrying Out the Invention 

Accordingly, the present invention includes the 
following aspects : 

1. A high-strength steel having high fatigue strength 
comprising : 

C: 0.3-0.8 percent by mass. 

Si: 0.01-0.9 percent by mass, and 

Mn: 0.01-2.0 percent by mass, 

the remainder containing Fe and unavoidable impurities, 
wherein the high-strength steel has a f errite-cementite' 
structure having a grain size of 7 |jm or less, or a ferrite- 
cementite-pearlite structure having a grain size of 7 pm or 
less . 

2 . The high-strength steel having high fatigue strength 
in Paragraph 1, further comprising: 

Mo: 0.05-0.6 percent by mass. 

3. The high-strength steel having high fatigue strength 
in Paragraph 2, further comprising at least one selected 
from the group consisting of: 

Al : 0.015-0,06 percent by mass. 
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Ti: 0.005-0.030 percent by mass, 

Ni : 1.0 percent by mass or less, 

Cr: 1.0 percent by mass or less, 

V: 0.1 percent by mass or less, 

Cu: 1.0 percent by mass or less, 

Nb: 0.05 percent by mass or less, 

Ca: 0.008 percent by mass or less, and 

B: 0.004 percent by mass or less. 

4 . The high-strength steel having high fatigue strength 
in Paragraph 1 , 2 , or 3 , wherein the percentage of the 
cementite structure is 4 percent by volume or more. 

5. The high-strength steel having high fatigue strength 
in Paragraph 2, wherein a surface metal of the steel after 
high-frequency induction quenching has a martensite 
structure having a prior austenite grain size of 12 |jm or 
less . 

6. The high-strength steel having high fatigue strength 
in Paragraph 5, further comprising at least one selected 
from the group consisting of: 

Al : 0.015-0.06 percent by mass, 
Ti: 0.005-0.030 percent by mass, 
Ni: 1.0 percent by mass or less, 
Cr: 1.0 percent by mass or less, 
V: 0.1 percent by mass or less, 
Cu: 1.0 percent by mass or less. 
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Nb: 0.05 percent by mass or less, 

Ca: 0.008 percent by mass or less, and 

B: 0.004 percent by mass or less. 

7 . The high-strength steel having high fatigue strength 
in Paragraph 2, wherein a surface metal of the steel has a 
hard layer generated by nitriding and the size of a ferrite 
grain in the surface metal after the nitriding is 10 |jm or 
less. 

8. The high-strength steel having high fatigue strength 
in Paragraph 7, further comprising at least one selected 
from the group consisting of: 

Al: 0.015-0.06 percent by mass, 

Ti: 0.005-0.030 percent by mass, 

Ni : 1.0 percent by mass or less, 

Cr: 1.0 percent by mass or less, 

V: 0.1 percent by mass or less, 

Cu: 1.0 percent by mass or less, 

Nb: 0.05 percent by mass. or less, 

Ca: 0.008 percent by mass or less, and 

B: 0.004 percent by mass or less. 

9. The high-strength steel having high fatigue strength 
in Paragraph 7 or 8, wherein the percentage of the cementite 
structure in a base metal of the steel is 4 percent by 
volume or more. 

10. A method for manufacturing high-strength steel having 
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high fatigue strength comprising: 

processing a raw material containing 
C: 0.3-0.8 percent by mass. 
Si: 0.01-0.9 percent by mass, 
Mn: 0.01-2.0 percent by mass, 

Fe, and unavoidable impurities at 550-700°C under a 
strain of 1.0 or more. 

11. The method for manufacturing high-strength steel 
having high fatigue strength in Paragraph 10, wherein the 
raw material further comprises 

Mo: 0.05-0.6 percent by mass. 

12. The method for manufacturing high-strength steel 
having high fatigue strength in Paragraph 11, wherein the 
raw material further comprises at least one selected from 
the group consisting of: 

Al : 0.015-0.06 percent by mass, 

Ti : 0.005-0.030 percent by mass, 

Ni : 1.0 percent by mass or less, 

Cr: 1.0 percent by mass or less, 

V: 0.1 percent by mass or less, 

Cu : 1.0 percent by mass or less, 

Nb: 0.05 percent by mass or less, 

Ca : 0.008 percent by mass or less, and 

B: 0.004 percent by mass or less. 

13. The method for manufacturing high-strength steel 
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having high fatigue strength in Paragraph 11 comprising: 

processing the raw material at 550-700°C under a strain 

of 1.0 or more, and then 

applying high-frequency induction quenching. 

14. The method for manufacturing high-strength steel 
having high fatigue strength in Paragraph 13, wherein the 
raw material further comprises at least one selected from 
the group consisting of: 

Al: 0.015-0.05 percent by mass, 

Ti: 0.005-0.030 percent by mass, 

Ni : 1.0 percent by mass or less, 

Cr: 1.0 percent by mass or less, 

V: 0.1 percent by mass or less, 

Cu: 1.0 percent by mass or less, 

Nb: 0.05 percent by mass or less, 

Ca: 0.008 percent by mass or less, and 

B: 0.004 percent by mass or less. 

15. The method for manufacturing high-strength steel 
having high fatigue strength in Paragraph 11 comprising: 

processing the raw material at 550-700°C under a strain 
of 1.0 or more, and then 

applying nitriding to a surface metal of the steel. 

16. The method for manufacturing high-strength steel 
having high fatigue strength in Paragraph 15, wherein the 
raw material further comprises at least one selected from 
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Al: 0.015-0.06 percent by mass, 

Ti: 0.005-0.030 percent by mass, 

Ni: 1.0 percent by mass or less, 

Cr: 1.0 percent by mass or less, 

V: 0.1 percent by mass or less, 

Cu: 1.0 percent by mass or less, 

Nb: 0.0*5 percent by mass or less, 

Ca: 0.008 percent by mass or less, and 

B: 0.004 percent by mass or less. 
The present invention will be described in detail below. 
First of all, the reason that the composition of the • steel 
according to the present invention is limited to the range 
described above will be explained. 

C: 0.3-0.8 percent by mass 

C is required to increase the strength of the base 
metal and maintain a required amount of cementite . A C 
content less than 0.3 percent by mass is insufficient for 
the effects, while a C content more than 0.8 percent by mass 
results in poor machinability , low fatigue strength, and 
poor f orgeability . Thus, the C content is limited to 0.3- 
0.8 percent by mass. 

Si: 0.01-0.9 percent by mass 

Si acts as a deoxidizer and contributes effectively to 
high strength. A Si content less than 0.01 percent by mass 
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ls insufficient for the effects, while a Si content more 
than 0.9 percent by mass results in poor machinability and 
poor f orgeability . Thus, the Si content is limited to 0.01- 
0.9 percent by mass. 

Mn: 0.01-2.0 percent by mass 

Mn contributes to high strength and high fatigue 
strength. A Mn content less than 0.01 percent by mass is 
insufficient for the effects, while a Si content more than 
2.0 percent by mass results in poor machinability and poor 
f orgeability . Thus, the Mn content is limited to 0.01-2.0 
percent by mass. 

In addition to the basic elements described above, 
other elements described below can be used appropriately in 
the present invention. 

Mo: 0.05-0.6 percent by mass 

Mo is useful for effectively retarding the growth of a 
ferrite grain. This effect requires at least 0.05 percent 
by mass of Mo. However, a Mo content more than 0.6 percent 
by mass results in poor machinability. Thus, the Mo content 
is limited to 0.05-0.6 percent by mass. 

Al: 0.015-0.06 percent by mass 

Al acts as a deoxidizer for steel. An Al content less 
than 0.015 percent by mass is insufficient for the effect, 
while an Al content more than 0.06 percent by mass results 
in poor machinability and low fatigue * strength . Thus, the 
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Al content is limited to 0.015-0.06 percent by mass. 
Ti: 0.005-0.030 percent by mass 

Ti is useful for making a grain smaller by the pinning 
effect of TiN. This effect requires at least 0.005 percent 
by mass of Ti. However, a Ti content more than 0.030 
percent by mass results in low fatigue strength. Thus, the 
Ti content is limited to 0,005-0.030 percent by mass. 

Ni: 1.0 percent by mass or less 

Ni is effective in increasing the strength and 
preventing cracking due to the addition of Cu. However, a 
Ni content more than 1.0 percent by mass may result in 
quenching cracks. Thus, the Ni content is limited to 1.0 
percent by mass or less. 

Cr: 1.0 percent by mass or less 

Cr is effective in increasing the strength. However, 
more than 1.0 percent by mass of Cr stabilizes carbides and 
promotes the production of residual carbides. More than 1.0 
percent by mass of Cr also reduces the grain boundary 
strength and decreases the fatigue strength. Thus, the Cr 
content is limited to 1.0 percent by mass or less. 

V: 0.1 percent by mass or less 

V can precipitate as a carbide and give a finer 
structure by pinning. The effect levels off at a V content 
of 0.1 percent by mass. Thus, the V content is limited to 
0.1 percent by mass or less. 



- 13 - 

Cu : 1.0 percent by mass or less 
Cu increases the strength by solid solution 
strengthening and precipitation strengthening, and also 
contributes effectively to excellent hardenability . However, 
a Cu content more than 1.0 percent by mass may cause 
cracking during hot working, making the manufacturing 
difficult. Thus, the Cu content is limited to 1.0 percent 
by mass or less. 

Nb: 0.05 percent by mass or less 

Nb can precipitate to pin a ferrite grain, but the 
effect levels off at a Nb content of 0.05 percent by mass. 
Thus, the Nb content is limited to 0.05 percent by mass or 
less . 

Ca: 0.008 percent by mass or less 

Ca generates a spheroidized inclusion and improves 
fatigue characteristics. However, a Ca content more than 
0.008 percent by mass results in a larger inclusion and may 
deteriorate the fatigue characteristics. Thus, the Ca 
content is limited to 0,008 percent by mass or less. 

B: 0.004 percent by mass or less 

B improves the fatigue characteristics by grain 
boundary strengthening and increases the strength. The 
effects level off at a B content of 0.004 percent by mass. 
Thus, the B content is limited to 0.004 percent by mass or 
less . 
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While suitable compositions are described above ^ 
limiting the composition within the above-mentioned range is 
not sufficient for the implementation of the present 
invention. Structure control of the steel is also required, 
as shown below. 

A f errite-cementite structure having a grain size of 7 
^m or less or a f errite-cementite-pearlite structure having 
a grain size of 7 |jm or less. 

When the structure is not a f errite-cementite structure 
having a grain size of 7 )Lun or less or a f errite-cementite- 
pearlite structure having a grain size of 7 jam or less, the 
target strength of 1000 MPa or more of the present invention 
will not be achieved. Thus, the ferrite grain size is 
limited to 7 jim or less. Preferably, the ferrite grain size 
is 5 |jm or less. 

When the structure of a base metal, that is, the 
structure before high-frequency induction quenching 
(corresponding to a part other than a surface quenching 
structure after the high-frequency induction quenching) is 
not a f errite-cementite structure having a grain size of 7 
pm or less or a f errite-cementite-pearlite structure having 
a grain size of 7 |im or less, the target base metal strength 
of 1000 MPa or more of the present invention will not be 
achieved. Furthermore, for a ferrite grain size larger than 
7 |jm, when high-frequency induction quenching is 
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subsequently applied, a prior austenite grain that, is 
subjected to the high-frequency induction quenching exceeds 
12 piTi in size, and thereby the fatigue strength will not be 
improved. Thus, the size of the ferrite grain in the base 
metal is limited to 7 pm or less. Preferably, it is 5 pm or 
less. 

When the structure of a base metal, that is, the 
structure before nitriding (corresponding to a part other 
than a surf ace-nitrided case after the nitriding) is not a 
f errite-cementite structure having a grain size of 7 |jm or 
less or a f errite-cementite-pearlite structure having a 
grain size of 7 |jm or less, the target base metal strength 
1000 MPa or more of the present invention will not be 
achieved. Furthermore, for a ferrite grain size larger than 
7 lom, when nitriding is subsequently applied, a ferrite 
grain in a nitriding case exceeds 10 |jm in size, and thereby 
the fatigue strength will not be improved. Thus, the size 
of the ferrite grain in the base metal is limited to 7 ^im or 
less. Preferably, it is 5 (jm or less. 

A ferrite grain size of 2 |jm or less may cause the 
pearlite structure to disappear, resulting in a f errite- 
cementite structure, which does not impair the present 
invention . 

Preferably, the amount (structural fraction) of 
precipitated cementite is 4 percent by volume fraction 
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(perceni: by volume) or more. Cementite contributes to high 
fatigue strength, and cementite that precipitates finely in 
large quantity increases uniform elongation, improving 
workability of the material. Preferably, the precipitated 
cementite has a size of about 1 |jm or less, and more 
preferably 0 . 5 jjm or less. In addition, the amount of 
precipitated pearlite is preferably about 20 percent by 
volume or less. As described above, the precipitation of 
pearlite is not necessary. A structure other than cementite 
and pearlite is ferrite. Preferably, the amount of ferrite 
is 40 percent by volume or more to secure workability. The 
f errite-cementite structure or the f errite-cementite- 
pearlite structure described above can suitably be formed in 
a warm forging process of steel manufacturing at SSO-TOO^C 
under a strain of 1.0 or more. 

A martensite structure in which the size of a prior 
austenite grain in a surface metal is 12 pm or less after 
high-frequency induction quenching 

When a prior austenite grain size is not 12 |jm or less, 
the target bending fatigue strength of 800 MPa or more of 
the present invention cannot be achieved. Thus, the size of 
the prior austenite grain in a structure after high- 
frequency induction quenching is limited to 12 pm or less. 
Preferably, it is 5 jam or less. 

The above-mentioned structure after the high-frequency 
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induction quenching can be formed by using a ferrite- 
cementite structure having a grain size of 7 . |im or less or a 
f errite-cementite-pearlite structure having a grain size of 
7 |Jiti or less as a base metal structure and applying high- 
frequency induction quenching to the structure under the 
conditions described below. 

A ferrite grain having a size of 10 jum or less in a 
surface metal after nitriding 

When the size of a ferrite grain in a surface metal 
after nitriding, that is, a nitrided case is more than 10 |jm, 
the target bending fatigue strength of 800 MPa or more of 
the present invention cannot be achieved. Thus, the size of 
the ferrite grain in the surface metal after nitriding is 
limited to 10 pm or less. Preferably, it is 5 |Lim or less. 

The above-mentioned surface metal structure after 
nitriding can be formed by using a f errite-cementite 
structure having a grain size of 7 jam or less or a ferrite- 
cementite-pearlite structure having a grain size of 7 jjm or 
less as a base metal structure and applying nitriding to the 
structure under the conditions described below. 

The following are the conditions for manufacturing 
steel according to the present invention. 

A steel that has a predetermined composition is 
subjected to wire rod rolling and subsequent warm forging. 
The warm forged steel is used as a base metal. The warm 
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forged steel is finished by, for example, cutting into a 
final product. Alternatively, the warm forged steel is 
subjected to cold drawing if necessary, and then to high- 
frequency induction quenching to yield a final product. 
Alternatively, the warm forged steel is subjected to working, 
such as cutting, if necessary, and then to nitriding to 
yield a final product. 

In the warm forging process, working at 550-700°C under 
a strain of 1.0 or more is advantageous to form a ferrite 
grain having a size of 7 jjm or less. When the working 
temperature is below 550°C, the structure keeps a rolling 
texture and does not decrease in size. On the other hand, 
when the working temperature is over 700°C, the grain size 
exceeds 7 |um and also does not decrease in size. When the 
amount of working is less than 1,0 as determined by strain, 
the working is insufficient, and the greater part of the 
structure has small angle boundaries. Thus, not only the 
strength, but also the fatigue characteristics are not 
improved. 

The base metal structure described above is subjected 
to high-frequency induction quenching to harden the surface 
metal- A heating temperature of 800-1000°C and a frequency 
of 0.3-400 kHz may be employed as a condition of the high- 
frequency induction quenching. A heating temperature less 
than 800°C results in insufficient austenitizing , and a 
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heating temperature more than lOOO^C results in a coarse 
austenite grain. A frequency less than 0.3 kHz results in 
slow and insufficient temperature rise, and a frequency more 
than 400 kHz results in lesser hardness penetration. Thus, 
the bending fatigue strength is not improved. 

The base metal structure described above is subjected 
to nitriding to harden the surface metal , and thereby the 
wear resistance is improved. The nitriding is performed at 
500-650°C for 1-100 hours under a nitriding atmosphere. In 
the nitriding, a nitrogen source may be in gaseous form or 
liquid form. 

At a nitriding temperature less than 500°C, nitrogen 
hardly penetrates into the steel, and the nitriding is 
insufficient. On the other hand, at a nitriding temperature 
over 650°C, grain growth of the base metal is hardly 
inhibited, and thus the ferrite grain become large. 
Nitriding for less than 1 hour causes insufficient 
penetration of nitrogen, resulting in a lesser nitriding 
effect. On the other hand, the nitriding effect levels off 
at 100 hours. 

EXAMPLE 1 

Steels that had compositions shown in Table 1 were 
subjected to rod rolling and subsequent warm forging under 
conditions shown in Table 2 to yield products 60 x 60 x 120 
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mm in size. Tensile test pieces, rotating bending fatigue 
test pieces, and machinability test pieces were prepared 
from the products. The ferrite grain size, the cementite 
content, the pearlite content, the tensile strength, the 
rotating bending fatigue strength, and the machinability of 
the products are shown in Table 2 . The strain level during 
the warm forging was calculated by a finite-element analysis 
on the assumption that the coefficient of friction of a 
forged surface was 0.3. Machinability was evaluated by a 
peripheral turning test on the basis of whether the tool 
life was equivalent to or longer than that of a SC material 
in accordance with JIS G5101 (O) or not (X) . 

As is apparent from Table 2, all the inventive samples 
that had a f errite-cementite structure having a grain size 
of 7 |am or less, or a f errite-cementite-pearlite structure 
having a grain size of 7 |jm or less according to the present 
invention exhibited high strengths of 1000 MPa or more, and 
high rotating bending fatigue strengths of 550 MPa or more. 

By contrast, a comparative test piece No. 6 produced at 
a low strain level during the forging had a large ferrite 
grain and low rotating bending fatigue strength. A 
comparative test piece No. 7 produced at a low forging 
temperature had a rolling texture. On the other hand, a 
comparative test piece No. 8 produced at a high forging 
temperature had a large ferrite grain, and therefore had low 
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rotating bending fatigue strength. 

A comparative test piece No. 13 containing excess Mo 
exhibited poor machinability . A comparative test piece No. 
14 lacking in C had low strength. On the other hand, a 
comparative test piece No. 15 containing excess C resulted 
in poor machinability. 

EXAMPLE 2 

Steels that had compositions shown in Table 3 were 
subjected to rod rolling and subsequent warm forging under 
conditions shown in Table 4 to yield base metals 60 x 60 x 
120 mm in size. Tensile test pieces, rotating bending 
fatigue test pieces, and machinability test pieces were 
prepared from the base metals. Then, the rotating bending 
fatigue test pieces were subjected to high-frequency 
induction quenching at 900*^C and a frequency of 12 kHz. The 
ferrite grain size, the cementite content, the pearlite 
content, the tensile strength, and the machinability of the 
base metal, as well as the prior austenite grain size of a 
quenching structure after the high-frequency induction 
quenching, and the rotating bending fatigue strength of the 
test piece after the high-frequency induction quenching are 
shown in Table 4. The strain level during the warm forging 
was calculated by a finite-element analysis on the 
assumption that the coefficient of friction of a forged 
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surface was 0.3. Machinability was evaluated by a 
peripheral turning test on the basis of whether the tool 
life was equivalent to or longer than that of a typical SC 
material (O) or not (X) . 

As is apparent from Table 4, all the inventive samples 
in which the base metals had a f errite-cementite structure 
having a grain size of 7 |jm or less, or a f errite-cementite- 
pearlite structure having a grain size of 7 |jm or less 
according to the present invention exhibited high base metal 
strengths of 1000 MPa or more, and had surface metals of 
fine martensite structures in which the prior austenite 
grain sizes were 12 |Lim or less after the high-frequency 
induction quenching, and had high rotating bending fatigue 
strengths of 800 MPa or more. 

In contrast to this, a base metal having the ferrite 
grain size over 7 pm had low strength, a large prior 
austenite grain size after the high-frequency induction 
quenching, and low rotating bending fatigue strength. 

In particular, a comparative test piece No. 7 produced 
at a low forging temperature had a rolling texture. On the 
other hand, a comparative test piece No. 8 produced at a 
high forging temperature resulted in a large ferrite grain. 
In addition, even after such a large ferrite structure was 
subjected to high-frequency induction quenching, the prior 
austenite grain size of the resulting martensite was still 
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more than 12 |iin. 

A comparative test piece No. 12 free of Mo had a fine 
base metal ferrite grain, but had a large prior austenite 
grain after the high-frequency induction quenching. On the 
other hand, a comparative test piece No. 13 containing 
excess Mo had poor machinability . 

A comparative test piece No. 14 lacking in C was not 
quenched, while a comparative test piece No. 15 containing 
excess C resulted in poor machinability. 

EXAMPLE 3 

Steels that had compositions shown in Table 5 were 
subjected to rod rolling and subsequent warm forging under 
conditions shown in Table 6 to yield base metals 60 x 60 x 
120 mm in size. Tensile test pieces, rotating bending 
fatigue test pieces, and machinability test pieces were 
prepared from the base metals. Then, the rotating bending 
fatigue test pieces were subjected to nitriding under 
conditions shown in Table 6. The ferrite grain size, the 
cementite content, the pearlite content, the tensile 
strength, and the machinability of the base metal, as well 
as the ferrite grain size in the surface metal and the 
rotating bending fatigue strength after the nitriding are 
shown in Table 6. The strain level during the warm forging 
was calculated by a finite-element analysis on the 
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assumption that the coefficient of friction of a forged 
surface was 0.3. Machinability was evaluated by a 
peripheral turning test on the basis of whether the tool 
life was equivalent to or longer than that of a typical SC 
material (O) or not (X) . 

As is apparent from Table 6, all the inventive samples 
in which the base metals had a f errite-cementite structure 
having a grain size of 7 |jm or less, or a f errite-cementite- 
pearlite structur.e having a grain size of 7 |jin or less 
according to the present invention exhibited high base metal 
strengths of 1000 MPa or more. They also had a surface 
metal of a fine ferrite grain 10 pm or less in size after 
the nitriding, high rotating bending fatigue strengths of 
800 MPa or more, and excellent machinability. 

In contrast to this, a base metal having the ferrite 
grain size over 7 pm had low strength, a large ferrite grain 
size after the nitriding, and low rotating bending fatigue 
strength . 

In particular, a comparative test piece No. 6 produced 
at a low forging temperature had a rolling texture. On the 
other hand, a comparative test piece No. 7 produced at a 
high forging temperature or a comparative test piece No. 8 
of a low strain level during the forging resulted in a large 
ferrite grain. In addition, even after such a large ferrite 
structure was subjected to nitriding, the ferrite grain size 
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of the resulting nitrided part was still more than 10 pm. 

A comparative test piece No. 13 free of Mo had a fine 
base metal ferrite grain, but had a large ferrite grain size 
after the nitriding, resulting in low rotating bending 
fatigue strength. A comparative test piece No. 1 lacking in 
C had a large ferrite grain size after the nitriding, low 
base metal strength, and low rotating bending fatigue 
strength. On the other hand, a comparative test piece No. 4 
containing excess C resulted in poor machinability . A 
comparative test piece No. 9, which was not subjected to the 
nitriding, had low rotating bending fatigue strength. 

Industrial Applicability 

According to the present invention, a high-strength and 
high-fatigue-strength steel that has a base metal strength 
of 1000 MPa or more and a rotating bending fatigue strength 
of 550 MPa or more or 800 MPa or more can be consistently 
manufactured. 
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